was divided into four test sites (7 ) . All lanes consisted of a hot-mix asphalt (HMA) layer on an unbound dense-graded crushed aggregate base (CAB) of a 19.0-mm nominal maximum aggregate size diabase aggregate that met the Virginia Department of Transportation Type 21A base course aggregate requirements, and a uniformly prepared AASHTO A-4 subgrade soil. The total thickness of the HMA and CAB was 660 mm (26 in.). Lanes 1 through 7 were constructed with an HMA layer thickness of 100 mm (4.0 in.), whereas Lanes 8 through 12 had a thickness of 150 mm (6.0 in.) ( Figure 2 ).
The asphalt binders used in the ALF pavements are listed in Table 1 . These binders consisted of an unmodified PG 70-22 asphalt binder, which was considered the control asphalt binder, the same binder with 0.3% polyester fibers by total mass of the aggregate, an air-blown asphalt binder, and the following five polymer-modified asphalt binders: an Arizona Department of Transportation (ADOT) wet-process crumb rubber asphalt binder (CR-AZ), a styrenebutadiene-styrene modified asphalt binder with linear grafting (SBS LG), a crumb rubber asphalt binder blended at the terminal (CR-TB), an ethylene terpolymer asphalt binder (Terpolymer), and an asphalt binder containing a blend of styrene-butadiene and styrene-butadiene-styrene (SBS), hereafter called SBS 64-40.
The ALF machines have frames 29 m (95 ft) long with rails to direct rolling wheels. Each ALF machine was capable of applying an average of 35,000 wheel passes per week by using a half-axle load ranging from 33 to 84 kN (7,500 to 19,000 lbf). The load was applied in one direction to a 14-m (45-ft) length of pavement at a speed of 18 km/h (11 mph). The machines could allow testing with conventional dual truck tires or wide-based "super-single" tires and simulation of the real-world lateral distribution of truck loadings by using programmed transverse wheel wander.
Under the current ALF experiment, both machines were equipped with super-single (425/65R22.5 wide base) tires. Since each pavement lane had four test sites, the full-scale pavement testing was and still is being conducted at two failure modes: rutting tests (Sites 1 and 2) at 64°C and 74°C, and fatigue cracking tests (Sites 3 and 4) at 19°C and 28°C. All rutting tests were conducted by using a wheel load of 44 kN (10,000 lbf) without transverse wander. On the other hand, all fatigue tests were conducted by using a wheel load of 74 kN (16,600 lbf) with transverse wander. An infrared heating system and thermocouples in the pavements provided the required pavement temperature (8) .
Mechanistic analyses to determine the fatigue and rutting primary responses under the ALF pavements were conducted in this study by using different available pavement analysis programs, including a finite element program (EVERFLEX) and multilayer elastic theory (MLET) programs, such as KENPAVE, WINLEA, and EVERSTRS. The MLET programs provide elastic solutions to the pavement
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In-depth details are provided for mechanistic analyses conducted for the asphalt pavements of the FHWA accelerated loading facility (ALF) by using available programs, including KENPAVE, WINLEA, EVERSTRS, EVERFLEX, and VESYS 5W. These pavements were constructed by using highly modified and unmodified asphalt binders. The described analyses focused on primary response under the ALF pavements. This study included multilayer elastic theory (MLET) solutions, finite element analysis, and analysis using the VESYS 5W program. Predictions of the primary response for the fatigue mode included the horizontal tensile stress and strain at the bottom of the hot-mix asphalt (HMA) layer and for the rutting mode included the vertical compressive stress and strain on top of each pavement layer. The impact of loading frequency and stress sensitivity (nonlinearity) on fatigue primary response, rutting primary response, and principal stresses was investigated. The frequency did affect the fatigue tensile stress and strain, primarily at the bottom of the HMA layer. It also affected the major and minor principal stresses, particularly at the bottom of the HMA layer. The frequency effect on the rutting compressive stress was insignificant, whereas it was considerable for the compressive strain within the HMA layer. The MLET solutions that used a linear elastic base provided reasonable predictions for the measured tensile strains for highly modified and unmodified asphalt pavements with an absolute percentage error in the range of 0% to 15% percent in most cases. The solutions of the MLET and VESYS 5W programs were capable of providing good predictions of the vertical deformation within the HMA layer that correlated well with the measured permanent deformation values.
The mechanistic analyses in this paper were conducted on the accelerated loading facility (ALF) asphalt pavements and used available programs, including KENPAVE (1), WINLEA (2), EVERSTRS (3), EVERFLEX (4), and VESYS 5W (5, 6) .
Twelve asphalt pavement test lanes were constructed at the FHWA Pavement Testing Facility (PTF) of the Turner-Fairbank Highway Research Center in the summer of 2002. This facility was equipped with two ALF machines, and staff were trained to operate them. The two ALF machines are shown in Figure 1 . Each pavement lane had a width of 4.0 m (13 ft) and a length of 50 m (165 ft) and BACKGROUND Pavements are a major part of the nation's infrastructure; therefore, better understanding of their behavior and performance will lead to effective pavement designs and improved pavement rehabilitation and maintenance strategies that will help extend the life of existing pavements. The analysis of existing pavements is an essential step toward understanding the behavior of pavements and offering an accurate pavement design that is based on mechanistic approaches.
Empirical design methods have long been used in pavements. These methods are based on empirical relationships developed to best relate observed pavement performance to field and laboratory test results and other variables, including traffic, load, and environmental conditions. However, purely empirical models suffer because the accuracy and validity of prediction from these models outside the range of the data used to develop them are not known and can be questionable.
The focus on mechanistic-empirical design methods therefore became essential in pavement technology for their advantages over purely empirical methods in providing more accurate pavement designs and realistic predictions and better understanding of pavement performance. The first step in a mechanistic-empirical design method is to conduct a mechanistic analysis of the pavement to determine the stresses and strains the pavement perceives under traffic loading.
Any mechanistic model used for predicting pavement response is an approximation to the actual pavement system, and the predicted pavement response can be significantly different from the actual measured values under the pavement. For this reason, it is important to compare these predictions with measured values on controlled pavement sections that are similar to real existing pavements with similar traffic and environmental conditions. It is also critical to define the most significant inputs, including material properties for pavement analysis programs and software, which have the greatest effect on the predicted response. Hence, in general, sensitivity analyses for such programs are essential to determine the critical input variables and the accuracy required in measuring or determining their values for accurate analysis and predictions.
Various factors affect pavement behavior under loading as well as response predictions. Among the loading-related factors are type of tire (single versus dual versus wide base), axle configuration, and loading amplitude. Elseifi et al. quantified pavement damage caused by dual and wide-base tires (9) . They found that the first new generation of single wide-base tires would cause relatively greater In this paper, a Type I analysis was conducted by using VESYS 5W to determine pavement primary response. The input variables needed for the analysis included materialrelated properties (such as modulus and Poisson's ratio), loading data (amount of applied load, contact pressure and area or radius, and distribution of load), pavement structural data (thickness of each layer), and environmental data (mainly temperature). pavement damage than conventional dual tires, and the second size new generation of wide-base tires would induce similar pavement damage as the conventional dual tires. Chatti and El Mohtar studied the effect of different axle configurations on fatigue life of asphalt concrete mixtures (10) . They compared the predicted fatigue life by using the single load pulse with the measured one from the different axle groups and trucks and found that the normalized damage per load carried decreased with an increasing number of axles within an axle group.
Yoo et al. investigated flexible pavement responses to different loading amplitudes (11) . They concluded that use of continuous loading amplitudes and nonuniform pressure distribution to simulate a moving wheel, surface shear forces, and appropriate layer interface friction may significantly improve the capability of finite element models to predict pavement response to vehicular loading.
OBJECTIVES
The main objectives of this study are as follows:
1. To predict pavement fatigue and rutting primary responses of the ALF pavements; 2. To determine the appropriate material properties that yield consistent predictions of the measured tensile strains and permanent deformations at the ALF pavements; 3. To analyze the ALF pavements for stresses, strains, and deformations; 4. To compare the predicted pavement fatigue and rutting primary responses with the measured responses at the ALF sites; 5. To compare linear elastic solutions with nonlinear solutions; 6. To evaluate available programs and software used for pavement analysis; and 7. To investigate the effect of stress sensitivity (nonlinearity) on the pavement primary response predictions.
FATIGUE AND RUTTING PRIMARY RESPONSE
As described previously, the MLET programs used in the analysis were KENPAVE, WINLEA, and EVERSTRS. The horizontal tensile stress and strain at the bottom of the HMA layers were predicted at 19°C as fatigue primary responses, whereas the vertical compressive stress, strain, and deformation at the top of each pavement layer were predicted at 64°C as rutting primary responses.
For the HMA layer, the dynamic modulus obtained from the simple performance tester (SPT) dynamic modulus testing was used as the modulus of elasticity. The SPT dynamic modulus testing was conducted on laboratory-produced, laboratory-compacted specimens of asphalt mixtures similar to those used in the construction of the ALF pavements according to the procedures described in NCHRP Report 465 (12) .
The dynamic modulus values at 19°C and 64°C were used in the analysis of the fatigue and rutting primary responses, respectively. To study the effect of loading frequency on the fatigue and rutting primary responses with depth, two loading frequencies were used in the analysis programs, 7 and 1.66 Hz. The 7-Hz frequency was chosen because this value was the outcome of the cosine fit of the predicted vertical stress profiles that are shown in the next section, whereas the 1.66-Hz frequency value was selected because it corresponded to the loading speed of the ALF machines of 18 km/h (11 mph).
To investigate the impact of material stress sensitivity (nonlinearity) on the predictions of the fatigue and rutting primary responses, linear elastic base (LEB) and stress-sensitive base (SSB) were used in the analysis. Moduli values of the base and the subgrade layers were backcalculated from the falling weight deflectometer (FWD) test data. The FWD tests were conducted on top of the subgrade and base layers, respectively.
VERTICAL STRESS AND TENSILE STRAIN PROFILES
Vertical stress profiles under the pavement theoretically should look similar to those shown in Figure 3 . Typically, the stress amplitude decreases with depth and distributes over a wider area in the pavement called the influence zone. The stress profiles predicted from the pavement analysis programs showed that although the stress amplitude decreased with depth in the HMA layer, the stress was distributed over the same area within the pavement HMA layer, as shown in Figure 4 . These stress profiles were fitted by using the following equation:
where σ = vertical stress, f = stress frequency, t = time or distance from the center of load, A and B = constants, and φ = constant that represents the shift of the maximum stress from the centerline of the applied load (fixed in this case = 0).
Similarly, the predicted tensile strain profiles within the HMA layer were plotted in Figure 4 . The strain was in compression in the upper half of the HMA layer and in tension in the lower part. In the middle of the HMA layer, the strain value was neutral, and the maximum value was obtained at the bottom of the layer, as shown in Figure 4 .
The influence zone in case of the predicted vertical stress and tensile strain did not change with depth within the HMA layer (constant with depth, about 280 mm). Cosine function fits (Equation 1) of the predicted vertical stress and tensile strain throughout the entire depth of the HMA layer showed similar frequency ( f ), which implied the same conclusion. For all ALF pavements, including the 150-mm and 100-mm pavements, it was found that the frequency f for the fitted curves of the vertical stress and tensile strain was 7.0 Hz within the HMA layer, as obtained from KENPAVE, WINLEA, and EVERSTRS.
EFFECT OF FREQUENCY ON PREDICTED PRIMARY RESPONSE Fatigue Primary Response
The tensile stress and strain responses with depth were similar, particularly in the HMA layer. The highest tensile stress and strain were obtained at the bottom of the HMA layer. The difference in tensile stress between the 7-and 1.66-Hz cases was significant at the bottom of the HMA layer with a maximum value of 17% and 150% for the LEB and SSB (Lane 8), respectively. The tensile stress for the 7-Hz case was higher than that of the 1.66-Hz case for both LEB and SSB. The difference in tensile stress or strain between the two frequencies was higher in the case of the SSB than that for the LEB. As discussed previously, stresses and strains were compressive in the upper half of the HMA layer and inverted to tensile in the lower part of the layer. The rate of increase or decrease in the tensile stress or strain was relatively sharp within the HMA layer compared to that in the base and subgrade layers, where the rate became approximately zero, as shown in Figure 5 .
The difference in tensile stress or strain between the two frequencies decreased from its highest value at the bottom of the HMA layer with depth, particularly in the subgrade layer ( Figure 5 ). This difference was evident for the LEB and SSB. The difference in tensile strain was consistent with depth for the SSB but was higher and inconsistent with depth for the LEB (Figure 5b ). The value reached its maximum of 24% and 35% for these two cases, respectively (Lane 8). The tensile strain in the 7-Hz case was lower than that in the 1.66-Hz case for the LEB. An opposite result, however, was obtained for the SSB; higher tensile strain resulted in the 7-Hz frequency case than that in the 1.66-Hz frequency case because of the stress-hardening effect of the base layer, which obviously dominated the effect of the modulus differences between the LEB and the SSB (Figure 5b ).
Rutting Primary Response
The vertical stress response decreased with depth. The vertical stress reduction had the highest rate in the HMA layer and a slower rate in the base layer until the curve reached a plateau in the subgrade layer ( Figure 6 ). No significant difference in the vertical stress was found between the two frequencies (7 and 1.66 Hz) and between the LEB and SSB, particularly within the base and subgrade layers. Yet the highest differences were predicted at the bottom of the HMA layer and decreased with depth dramatically (Figure 6a ). There was significant difference in vertical strain between the two frequencies within the HMA layer, as shown in Figure 6b . The highest difference was obtained somewhere within the HMA layer, and decreased significantly with depth in the base and subgrade layers. The difference in vertical strain between the LEB and the SSB was insignificant. The vertical stress and strain responses were higher for the 1.66 Hz than for the 7 Hz. 
EFFECT OF STRESS SENSITIVITY ON PREDICTED PRIMARY RESPONSE
The stress sensitivity (nonlinearity) of the base was considered in the analysis using the EVERSTRS program. For granular bases, it implies that the resilient modulus of the base is a function of the bulk stress, as shown in the following equation:
where M r = resilient modulus, θ = bulk stress, and
By using historical data of the crushed aggregate base layer at the ALF pavements (13), the K 1 and K 2 constants were found to be 8,534 and 0.80, respectively. Therefore, Equation 2 for the ALF base layer material became as follows:
In this case, an iterative approach in the EVERSTRS program was used in which the modulus of the base layer was changed according to Equation 2′ by using the maximum allowed number of iterations in the program until a converged value of the modulus was reached.
Fatigue Primary Response
Stress sensitivity of the base layer affected the results of the tensile stress and strain responses predominantly at the bottom of the HMA layer. The difference in the tensile stress between the LEB and the SSB was substantial at the bottom of the HMA layer (Figure 5a) . This difference decreased with depth until it disappeared in the subgrade layer. The same finding was obtained for the tensile strain, but as the difference decreased with depth it was still considerable in the subgrade layer, as shown in Figure 5b . Tensile stresses and strains were higher for the LEB than those for the SSB for both 7 and 1.66 Hz, because of the higher modulus of the SSB. However, the difference in tensile strain between the LEB and the SSB decreased as the frequency increased. 
Rutting Primary Response
Stress sensitivity of the base layer also affected the vertical stress and strain with depth. The vertical stress as it decreased with depth was higher for the SSB than that for the LEB, as shown in Figure 6a , but the difference was insignificant. It declined with depth. In contrast, the vertical strain difference between the LEB and the SSB was noticeable in the HMA layer and then started to shrink with depth into the pavement layers, as shown in Figure 6b .
IMPACT OF FREQUENCY AND STRESS SENSITIVITY ON PRINCIPAL STRESSES
The effect of loading frequency and stress sensitivity on principal stresses with depth was investigated. As the major principal stress decreased with depth (Figure 7 ), the rate of decrease was higher in the HMA layer than that in the base and subgrade layers. Differences in major principal stress between the two frequencies (7 and 1.66 Hz) and between the LEB and the SSB were considerable at the surface and at the bottom of the HMA layer (Figure 7b) , and they decreased considerably in the base and subgrade layers.
The minor principal stress at the surface of the HMA layer was equal to the applied loading or pressure (827.3 kPa in compression) under the centerline of the wheel. This value decreased until it reached zero somewhere within the HMA layer, then it reversed from compression to tension and started to increase until it reached a maximum value at the bottom of the HMA layer, where it started to decrease again with depth in the base layer and reached a zero value again at about a 50-mm depth in the base layer. The zero value of the minor principal stress continued with depth into the base and the subgrade layers, as shown in Figure 7c .
Differences in minor principal stress between the two frequencies and between the LEB and the SSB were significant at the bottom of the HMA. The difference in major or minor principal stress between the two frequencies was higher for the SSB than for the LEB, and between the LEB and SSB it was higher for the 1.66 Hz than for the 7 Hz (Figure 7 ). These differences decreased with depth until they disappeared in the subgrade layer. 
CHANGES IN PREDICTED VERTICAL DEFORMATION
Pavement permanent deformation is the accumulation of vertical deformation in each layer. Hence, prediction of vertical deformation within each pavement layer is important to understand the rutting behavior of pavements.
The vertical deformation decreased with depth. The difference in vertical deformation between the 7 and 1.66 Hz frequencies was highest at the surface of the HMA layer, and it decreased significantly with depth, as shown in Figure 8 . The vertical deformation for 1.66 Hz was higher than that for 7 Hz, as expected. Except for the surface of the pavement, the difference in vertical deformation between the two frequencies was insignificant.
FINITE ELEMENT ANALYSIS
FEA was conducted by using the EVERFLEX FEA program. Only square loading instead of typical circular loading was allowed in this program. A three-dimensional finite element mesh was constructed to represent the three-layered pavements of the ALF. A uniform load distribution (ULD) and a nonuniform load distribution (NLD) were used in the analysis. In the case of NLD, a normalized load distribution with an overall load intensity that is equal to that of the uniform distribution was used. A linear elastic base as well as a stress-sensitive base were used in the analysis. Results of different combinations using the two types of load distribution and the two types of base behavior were obtained from FEA. The FEA program provided a plane stress-strain analysis in all cases. These results from FEA are discussed along with the results from the previous analyses conducted by using the MLET programs in the following sections.
ALF-MEASURED FATIGUE AND RUTTING PRIMARY RESPONSES
Sixty H-bar type strain gauges ( Figure 9a) were installed under the 12 lanes of the ALF pavements during construction in the summer of 2002. In each lane, five strain gauges were embedded at the bottom of the HMA layer (Figure 9b ) in one test site (typically, Site 3 planned for fatigue failure mode testing). Three of these gauges were aligned longitudinally and two transversely. The strain responses were measured in all 12 ALF pavements under the moving wheel loading of the two ALF machines early in 2003. Besides the eight different binders used for construction of the ALF pavements and the two different pavement thicknesses, other variables were considered in the strain gauge measurements, including two load levels, three temperatures (19°C, 28°C, and ambient temperature), three offset distances (0, 150, and 300 mm), two gauge orientations, and one to four loading speeds (18 km/h for all tests and 5, 7, and 13 km/h for no-offset tests).
Typical strain responses from the installed strain gauges are shown in Figures 9c and 9d . This strain response was caused by a wheel load passing directly over the gauge. Figures 9c and 9d show strain responses from three longitudinal strain gauges and two transverse strain gauges, respectively. In these figures, tension is positive and compression is negative. Strain reversal could be observed in the longitudinal strain responses. The gauge showed compression first when the load was approaching, then tension when the load was moving over the top of the gauge. (Variation in peak strains from the three longitudinal gauges could also be observed.) On the other hand, the transverse strain was consistently in tension and decreased slowly to zero after the load passed. If the subsequent load passed before the recovery was completed, then tension would accumulate. This accumulation would be more noticeable at higher pavement temperatures and slower wheel speeds.
Initial measurements of the peak strains obtained from each of the strain gauges were recorded. These initial tensile strains were compared with the predicted tensile strains by using the different analysis methods described previously. Details of these comparisons are presented in the following sections.
During loading, pavement layer permanent deformation data were collected through differential rod and level surveys on eight sets of reference plates installed at the time of construction along the centerline of each test site. The plates were located at the surface of the pavement and on top of the crushed aggregate base to measure the permanent deformation at these two locations at predetermined ALF wheel loading passes. The difference between these two measurements yielded the permanent vertical deformation within the HMA layer.
FATIGUE PRIMARY RESPONSE COMPARISONS
The predicted fatigue tensile strains were compared with the tensile strains measured by the strain gauges at the bottom of the HMA layer of the ALF pavements ( Figure 10) .
Seven different cases were considered in the comparison between the predicted and measured fatigue tensile strains at the bottom of the HMA layer:
• MLET using LEB and 7 Hz, • MLET using LEB and 1.66 Hz, • MLET using LEB and 0.1 Hz, • MLET using SSB and 7 Hz, • FEA using ULD and 7 Hz, • FEA using NLD and 7 Hz, and • VESYS 5W using 7 Hz.
As shown in Figure 10 , in most cases the analysis programs underpredicted the ALF-measured tensile strains, which implied that these programs provided stiffer pavements and stronger foundation under loading, which resulted in lower tensile strains at the bottom of the HMA layer. However, the MLET using LEB and 0.1 Hz provided reasonable predictions of the tensile strains with a maximum absolute percentage error of approximately 46%. This error in most of the lanes, particularly for the 150-mm pavements, was in the range of 0% to 15%.
The ALF machines apply loading at slower speeds, the highest being 18 km/h (11 mph). The frequency that corresponds to this speed is 1.66 Hz, as discussed previously. However, the actual loading frequency of the ALF machine was measured to be approximately 0.1 Hz. Therefore, the MLET using LEB and 0.1-Hz loading frequency provided predictions that were favorably compared to the ALF-measured values.
The tensile strain predictions from the FEA, the MLET using LEB, and the VESYS 5W program were found to be similar when the same loading frequency was used, as shown in Figure 10 . The NLD in the FEA had insignificant impact on the tensile strain predictions when compared with those using the ULD. The MLET using SSB solution provided the extreme case of the tensile strain predictions. The SSB yielded stiffer base (higher base modulus) because of the stresshardening property of the granular materials. This made the tensile strain predictions of the SSB the lowest (Figure 10) .
In all these cases the correlation between the predicted and measured tensile strains was high, particularly for the 150-mm pavements with a coefficient of determination (R 2 ) of 0.99 in most cases. For the 100-mm pavements, the correlation was still significant with an R 2 value in the range of 0.72 to 0.87, despite the difference between the predicted and the measured tensile strains.
For the 150-mm pavements, the difference between the predicted and measured tensile strains was lower than that for the 100-mm pavements. Nearly all the 150-mm pavements showed exceptional results provided by the solution of the MLET using LEB and 0.1-Hz frequency with a considerably low absolute percentage error in the range of 0% to 10%, except for the pavement of Lane 9 (SBS 64-40), which also had a relatively low error of 29%. On the other hand, the 100-mm pavements showed an absolute error in the range of 4% to 46%. In general, the MLET using LEB and realistic loading frequency could provide satisfactory predictions of the measured fatigue tensile strains.
RUTTING PRIMARY RESPONSE COMPARISONS
The predicted vertical (permanent) deformation within the HMA layer was compared with the measured permanent deformation at the ALF sites. The predictions of the HMA layer permanent deformation from the MLET using LEB and 0.1-Hz frequency (EVERSTRS) and from the VESYS 5W program were used ( Figure 11 ).
The variation in vertical deformation on top of the subgrade between the ALF pavements of the different lanes was not significant (Figure 11a ). However, there was considerable difference in vertical deformation within the HMA layer between the different pavements, as shown in Figure 11b . The predicted vertical deformations within the HMA layer correlated highly with the ALF-measured HMA permanent deformations, as shown in Figures 11c and 11d , with an R 2 value of 0.65 and 0.67 for the MLET and VESYS 5W, respectively. However, the surface (total) vertical deformations did not correlate well with the measured surface permanent deformations at the ALF sites. The MLET programs provided initial prediction values of primary response, whereas VESYS 5W could provide primary response predictions at progressing load cycles.
The predictions of the total permanent deformation depend on the rutting model used in the MLET program to calculate the total permanent deformation. If the model takes into account the vertical strain-stress on top of each layer to calculate the total permanent deformation, more accurate predictions can be obtained. However, if it considers only the vertical strain-stress on top of the subgrade, inaccurate predictions are expected. Huang reported that under heavy traffic with a thicker HMA layer, most of the permanent deformation occurs in the HMA layer, rather than in the subgrade layer (14) . Therefore, predictions of the pavement total permanent deformation that are based only on the compressive stress or deformation on top of the subgrade layer are inaccurate, especially for thick pavements under heavy traffic loadings. This is why the predictions of the HMA permanent deformation were found to correlate well and better than the total permanent deformation with those measured at the ALF sites.
CONCLUSIONS
On the basis of the results of the fatigue primary response predictions, the following conclusions are drawn:
1. The fitted frequency of the predicted vertical stress profiles throughout the depth in the HMA layer was found to be 7 Hz.
2. The highest difference in tensile stress-strain between 7 Hz and 1.66 Hz was obtained at the bottom of the HMA layer. It decreased with depth, particularly in the subgrade layer.
3. The tensile stress for 7 Hz was higher than that of 1.66 Hz for both the LEB and the SSB but the difference was more pronounced for the SSB.
4. The tensile strain for 7 Hz was lower than that in the 1.66 Hz case for the LEB. The opposite result was obtained for the SSB; higher tensile strain was acquired for 7 Hz because of the stresshardening effect of the base layer, which dominated the effect of the modulus differences between the two frequencies.
5. The difference in tensile stress-strain between the LEB and SSB was substantial at the bottom of the HMA layer. It decreased with depth until it disappeared in the subgrade layer, particularly for the tensile stress.
6. The tensile stress and strain for the LEB were higher than those for the SSB for both 7 Hz and 1.66 Hz.
7. The rates of change in major and minor principal stress were significantly high in the HMA layer and reduced dramatically in the base and subgrade layers until it reached a plateau at which the principal stresses had zero values.
8. The difference in major principal stress between the LEB and the SSB was significant at the surface and bottom of the HMA layer. This difference decreased with depth until it nearly vanished in the subgrade layer. The difference in minor principal stress between the LEB and the SSB was significant at the HMA layer.
9. A significant difference in major and minor principal stress was also observed between 7 Hz and 1.66 Hz in the HMA layer, particularly for the SSB with the highest difference at the surface and bottom of the HMA layer, respectively.
The following conclusions are drawn from the rutting primary response predictions:
1. No significant difference in vertical stress was found between 7 Hz and 1.66 Hz and between the LEB and SSB, particularly within the base and subgrade layers. Yet the highest differences were predicted at the bottom of the HMA layer and decreased with depth dramatically. The vertical stress for the SSB was higher than that for the LEB.
2. There was significant difference in vertical strain between 7 Hz and 1.66 Hz in the HMA layer with the highest not necessarily at the bottom of the layer. It decreased sharply in the base and subgrade layers.
3. The vertical strain differences between the LEB and SSB and between 7 Hz and 1.66 Hz were noticeable in the HMA layer, particularly at the surface, and then started to decrease with depth. 4. The difference in the vertical deformation between 7 Hz and 1.66 Hz was the highest at the surface of the HMA layer and decreased significantly with depth. However, this difference was insignificant except at the surface of the HMA layer.
On the basis of the comparison between the predicted and the ALF-measured primary response, the following conclusions are presented:
1. The MLET using LEB solution provided reasonable and realistic results for the tensile strains with an absolute percentage error in the range of 0% to 15% in most cases. The predictions compared well with the ALF-measured tensile strains.
2. The actual loading frequency at the ALF sites was estimated to be about 0.1 Hz, which favored the MLET solution using the 0.1-Hz HMA dynamic modulus over the dynamic modulus at other loading frequencies.
3. The tensile strain predictions from the FEA, the MLET using LEB, and the VESYS 5W program were found to be similar when the same loading frequency was used.
4. The effect of NLD in the FEA was insignificant on the tensile strain predictions when compared with those that used ULD.
5. The solution of the MLET using SSB provided the extreme case of the tensile strain predictions with the highest deviation from the measured values.
6. For the 150-mm asphalt pavements, the difference in the predicted and measured tensile strains was lower than that of the 100-mm pavements. Nearly all the 150-mm pavements showed exceptional results by using the LEB and 0.1-Hz frequency with a significantly low absolute percentage error in the range of 0% to 10%, except for the pavement of Lane 9 (SBS 64-40), having a relatively low error of 29%. The correlations between the two showed exceptional high R 2 values of 0.90 and 0.72 for the 150-mm and 100-mm pavements, respectively.
7. The MLET using LEB appeared to have the capability of predicting the primary response including the fatigue tensile strain at the bottom of the HMA layer regardless of the type of material of that layer, whether it was an unmodified or highly modified asphalt material, especially for the 150-mm asphalt pavements.
8. The MLET using LEB and VESYS 5W programs provided good predictions for the ALF-measured permanent deformations within the HMA layer for the 150-mm and 100-mm asphalt pavements with a relatively high correlation between the two (R 2 = 0.65 and 0.67, respectively).
